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Holographic data stoi!age 3 



Optimized read-out in hologtapMc data storage 
Abstract 

HoJographIc data storage (HDS) has th0 potential to obtain large storage densICes, test parallel 
access, rapid searches in large databases and data encryption. In this Invention disclosure a method 
5 Is proposed to gain ebout a factor 2 In read-out power and signal strength for a transmfttfve and semi- 
reflective (phasB-conjugate) HDS system. About a factor 2 and about a factor 4 aje gained fn the 
read-out power and the signal strength during readout of a holographic data storage medium. When 
the fnvendon Is fmplem^nted m a fijil-refiecfive holographic system, respectively, 

to State of the art and problem 

A 50/60 beam splitter is used In HDS systems to spilt the laser beam In a referenca beam tor 
reference wave) along a first optical path and a data (or signal) beam (or signal wave) along a second 
optical path» 

1 c 1*^ ®° «^ systems the reference beam used during reconjfng fs used as read-out beam during madoul 
15 (see Rgure 1), While in other systems for eitample a phase conjugated reference beam (wave) is 
^daa readout beam (see Figure 2). other examples are presented in the descnptions of the 

Sometimes the first optical path for the refBrenc© beam referred to as reference branch. 

During readout the SoyiSO beamsplittar fs also used for creating the readout beam out of the laser 
beam. As a consequence half of the laser light Is not used during r«a<j-out of the medium fl^aura 1- 
Hgure 3). 
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Solution 

A polarizing beam splitter (PBS) Is used instead of the 50/50 beam splitter (for examples see F|gui« 4 
to Figure 9) to split the laser beam in a nsference beam and a data (or signal) beam. The polar^on 
of linear polanzed light from the laser, e.g. p-polarlzed light Is rotated 45^ by rxnating the half-wv© 
plate (34^rplate) under &n angle of 22,5 * relative to the optical axis of the ciystal. The PPS splits the 
45* rotated linear polarized beam into a p^joterized data (or signal) beam and an s-polarfzed 
refiarenoe beam, in the reference beam a second ?41-plate is posltoned In an orientation. With a 
30 pnedeterrn'med orientation of this recond l^pfate the s-polarized refeience beam can be transform 
during the recording phase into a p^JoIarized beam. The 6aiQ beam Is encoded with a data encoder 
(fer Instance a two dimensional spatial nght modulator) Into an encoded data beam. As both encoded 
data beam and refterenpe l>eam have the same polartzaOon they can create an Interfeience patt^ in 
an overiapping area at the medium. ^ 

35 During read-out the J^-plate is rotated bade to Its optimal posftfon (45 relative to the optical axis of 
the crystal) and converts the p-polarized laser light mto s-polarized light All the s^Mlarlzed light 
passes through the PBS increasing the power of the readout beam during read-out with a lector 2 ^d 
the signal strength with a feetor 2 or 4. 
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CiLAIM: 



A Iwlograplilc data stoTags device for recording In and/or reading out data from a holographic 
data storage medium, said device comprising a light-source, a polarizing beamsplitter aplrtting a 
laserbeam Into a reference beam along a first optical path and a data beam along a second optgaj 
path, a rotatablo flrst halfwva plate befeveen said IjQht source and said polarMng beamsplitter and a 
S second half-wave plate in an orientation In Rid first optical path of the reference beam between said 
polari»*ng beamsplitter ar)d said medium. 




Lens 



Figure 1. BxampJe of a prior art tranmissive holographic readout system bofed on 
angular multiplexing. 
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meute 3. A fyU r^lectt^ hdoffrapHe readout system based on phas^eoded 
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Figure 4. Proposfed embodiment in^lemenied in a prior art transmis^ive hologrcgfhic 
recordinff system based on angular multiplexing. P-potarized laser tight is concerted 
into idrcular poiarized light using a rotating Vi^plate and split wth a PBS in a 
polarized reference wave and ap-polarised signal waye. TTie 9-polanzed r^ermce vfove 
is converted inta a p-potarized wave yd A a H^ptate in a predetermine orientation in 
the reference brqndu 
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gure 5 Proposed embodiment inqjlmcnted in a prior art transmsstve hologrcpMc read- 
out system base^ on angular jmd^ladng. P-poIarized laser Ught is convened into s- 
potarizfid Ught u^inga rotating '/sX-plate. All me s-polarized light is transmitted Orough 
the P3S into ihetr^er&ice brmtch and converted to ap-poJoHsed wave -with a 'A^ptate 
in a pred^emdaed orientation in the rtferenee branch. The power in ihe r^erence 
fymchanddies^ialstrei^hbiiuarettsedyi4aafttaor2. 
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Figure & Proposed embodiment implemented in a prior an phase^conjugaie (semi- 
r^etive) holographic recor^ng system based on angular multiplexings P-polarized 
laser light is converted to circular polarized light using a rotating HJipIate and ^lit 
y^dth a PBS in^a s-polarized reference wive and a ppolarized signal wave. The 
pohrized rtfer^tce wave is converted to a p^polarized \^e wUh a i/iJUrplata in a 
pr^eiermined Cfientation in the r^rence branch. 
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Figure 7. Proposed embodUnent implemented in a prior art phase>-conjugate (semi- 
r^ective) holomxphic rwd-aut system based on angular mdtfplexing. P-polarized 
laser light is amyerted into s-poJarized uswgr a rotating ii^flate. AU ihe s- 
polarized is transmitted through the PBS into the reference branch and converted 
back into ^polarized U^wUh two 'A^-plates (each of the HArphttes in a predetermined 
orie^atimO in dte phase-tM^gaie refarenee branch. Ute power in thephase-c^t^e 
reference brmcl^and the sifftal strength is UtcreasedYfiai afiietor 2. 
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Vitiate 

iJ^^giirK*. Proposed embodiment in^laneated in a prior art fitU reflective holographic 
recariSns system based on phase-coded multiplexing. P-poIarized laser light is 
converted into circularpolarized light using a rotating HAr-plateandspUtwitkaPBS in 
a s-polarized reference wave and a p-poUtmed signal wave. The a-piAarized r^ereaee 
-wave is converted to a p-polarised wave with a iiJIrplate fin a 
orientatiai^tnaier^eresicebntneh. 
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meure 9 Proposed embodiment Implemented in a prior artJuB rejlective hotagte^hic 
ratdHtui system based on phas&wded mdt^lexins. P-polarlzed laser light is convert^ 
into s-polarized light using a rotating H^tate. AH Oe s-polarized light ^r^leaed by 
the PB$ into the reference branch and converted inUi p-potarized yvfth a'A^plate 
On a predetermined orientation) in the reference branch. The power in Oie phase- 
eoniueate r^erenee branch is increased with a factor 2 and the signed strength increases 
wiOi a factor 4 due to the r^lection of 10096 of the bae^ards-recanstructed signal y^ave 
by the PBS. 
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Alignment method for a holographic storage system 



5 Introduction 

One of the major issues in holographic data storage systems Is the alignment 
sensitivity of the holographic storage medium with respect to the pixelated detector 
(e.g. a two-dimensional detector an^y) 
To clarify the point the reader is referred to the figure below. 
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We have a holographic storage medium 10 were the recorded data is organized In 
pages, which Is being read out by Impinging a readout laser beam 1 1 on it at a 
particular angle. As a result of diffraction upon a grating Inscribed/recorded in the 
medium (recorded datapages), some of the Intensity of the readout laserbeam 1 1 1s 
diffracted (and alternatively guided by means of a lenssystem 12) towanJs a 
pixelated detector 13 (the recorded data page is Imaged as imaged data page on the 
pixelated detector), There are many degrees of freedom in the system (at least 6 for 
the medium alone), and some of them are indicated In the figure. The key Issue In 
retrieving reliable data with such a system is also detemfiined by mutual alignment 
errors between an Imaged data page and a pbeelated detector as represented by the 
following parameters: 

1 ) Magnification: the magnification of the lenssystem should be such that every 
resulting bit In the imaged hologram should nnplnge on one pixel of the 



DEC. 2033 17:31 PHILITO CIP rft^ +31 40 2743489 

PHNL031473EPQ 



NO. 340 P. 18/^ 
018 08.12.2003 17 



12 08.12J2003 

Dixelated detector. Methods have been proposed by others to "oversample". 
le. using for Instance 4 detactor-pixels per bit stored in the medium, but this 
leads to an over-dimensioned detector anray. and hence higher cost, and size. 

2) Focus: The imaged bits should be ft>cussed upon the pixelated detector, in 
5 order to obtain the highest conflation bebween bits and readout of the 

detector pixels. ^ ^ . 

3) Rotation: Rotational degrees of freedom are to be avoided since this would 
lead to an angular mfsallgnment belween the pb(a1ated detector and the 
imaged bits. ^ . ..^^ . . 

10 4) Translation: Translation enors are also to be avoided, since if the imaged 

bits falls In betiween the spacing of the pixalated detector, the readout signals 
are degraded and ambiguity arises to which pixel a certain bit belongs and 
hence data readout errors occur. 
Problem 

15 Methods to find a solution to these issues are being sought into light me<*anlcal 
tolerances, the oversampling mentioned above, and in the use of alignment marks. 

The latter solution Is comparable to methods used in alignment for wafersteppers. At 
strategic positions on the medium one places alignment marks in the form offer 
20 instance crosses, or series of bars, and in the aligning procedure one translates and 
rotates in every degree of freedom to find the alignment marie and hence derives the 
correct settings. 

The major disadvantage of using this procedure is that it takes up space in the 
25 medium and hence lowers the attainable capacity. Furthermore, it is a flme 
consuming activity, which in worst case has to be perfbnned for every recorded 
datapage in the book in the medium. Also, in case of coarse misalignment, itwrill be 
difHcuit to find ^e correct setBngs. within a reasonable time. 



30 



Solution and some embodiments 



We propose to use the Moir§ effect for alignment of tor es^mple the medium in the 
system with respect to its pixelated detector anay, by using the beating between the 

35 imaged data page period and orientation on tiie one hand and the pbcelated detector 
anay on the o^er. , 
The generated alignment ennor signals, due to mutual alignment enors of Hie imaged 
data page and the pixilated detector amay, can be used fbr alignment purposes in 
the device (this can also include the medium). 

40 ConsWer the figure below In which we describe the layout of a typical pixelated 

detector anray 1, containing detector-elements having an area A ananged in rows 2 
and columns 3. At fhe intersection, the optical sensitive detector sub-area As 4 is 
depicted, which usually Is less than the area of the detector-element. The ratio of the 
sub-area As over the area A called the fill^ctor. which for state-of the art systems 

45 can be even betow 50%. 
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Furthermore, consider an Imaged data pattern array that should |be aligned with 
respect to this detector array. 

In case of a magnification error the resulting Molr6-pattem will resemjalethe situation 
In the figure below: on the left the matching between the two an^y pattems is 
incomplete due to a difference In size (magnification) and hence an intensity 
modulation (Molrg-pattem) Is cleariy visible. In the situation on the right hand side 
ttie anay periods are matched, and efi^ctively the peilod of the occurrence of the ' 
bars in the JWoinS pattern Is Infinite. For clarity the both arrays have also been 
mutually translated. 
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In a more detailed v|ew the figure below shows a sImDar effect 




5 We liave now positioned the Image of the data array 5, on the detector array 1 . The 
horizontal sizes arq in this case different. The overiap area B between an imag«l 
databit and detector pixel, the grey shaded, area Is an indication of the output of an 
individual detector element In the case sketched above, a horizontal modulation 
(vertical Moir6 fringes) is obsen/ed (in the output of the detector elements), whereby 

10 the period Is an indication of the rnagnlflcation-enor. Likewise a similar situation in 
vertical direction reppHs In a modulation in the vertical dIrecHon (honzontel MoirS 
flinges). j 

Rotation can be dejected and compensated by analyzing the dIrecHons of the Moir6 
15 pattern using image processing. In the figure below an example of fejvo chedcerboard 
masl® (simulating ^ datapage Image and a detector array) at a relative angle of 1 
degree including magnification mismatch Is shown. 
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The usual randomnoss of the data in the innaged data page can be filtered out by 
analyzing the output of the detector array in the low-frequency domain and filtering 
out the high frequertcy components of the individual sequences of databits. See 
figure below, whichjshows the image after blurring. 




J. ^- '^'•'^'"?8nS'^*«««nBc^nte obtained whe 

diiBcbm are mn«B.VMca and horizontal dff«cttons are opft^mlzed by subsequent tuning far 
highest output ov«-thc{ complete area of the detector anay. Tuning for only vertical and hernial 
periodiQ Moir6-pattem^ compensates rotation. Focus can fiar exampis also be liiund usina by 
a^jusfing for optimun^ ^ntrast (or high frequency components) In the detector outpuL 

The proposed metiod can be used for alignment of the medium fn the system, but it 
IS also possible to iise it for example for the alignment of the Imaged data page or 
the pndlated detector array. 
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A holoaraphic date ktorage device for reading from and/or recording data pages in a 
holographic data storage medium, said device comprising a pixilated detector array 
for reading out an l+age of a data page, said device using a Moird pattern between 
the image of a data-page and tiie pixelated detector array to generate an alignment 
error signal representing an alignment error between said Image of a data page and 
said pixilated detector array, said alignment error signal being used tor alignment 
purposes In said dei/ice. 
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Method to comrjensate the misalignnnent in holographic systems 
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Probtem description 

One of the major Issues in holographic data storage systems Is the alignment 
sensitivity of the hoGographic storage medium with respect to the pixelated detector 
anay (e.g. a Iwo-dirtiensional detector array). 
To clarify the potrrt ^e reader Is referred to the figure below. 

We have a holograibhic storage 
medium 10 were the recorded data is 
organized in pagesj which is being 
read out by impinging a readout laser 
beam 1 1 on it at a ( ^articular angle. As 
a result of diffractioi \ upon a grating 
insciibed/recorded )n IJie medium 
(recorded datapages), some of the 
intensity of the readout iaserbeam 1 1 
is diffracted (and alfematively guided 
by means of a lenssystem 12) 
towards a pixelateq detector 13 (the 
recorded data pagd is imaged as 
imaged data page qp the pixelated 
detector). There are many degrees of freedom in the system (at least 6 for the 
medium alone), an^ some of them are indicated In the figure. The key issue in 
retrieving reliable dpta with such a system is also determined by mutqai alignment 
errors between an jmaged data page and a pixelated detector as represented bv the 
following parametep: ' 

5) iVIagniflcation: the magniHcation of the lenssystem should be such that every 
resulting bit In the imaged hologram should impinge on one pbcel of the 
pbcelated d^ector. Methods have been proposed by others to 'oveisampie" 
i.e. using feij instance 4 detector-pixels per bit stored in the medium, but this 
leads to an 6ver-dimensioned detector annay, and hence higher cost, and size. 

6) Focus: Thejimaged bits should be focussed upon the pbcelated detector, In 
order to obtain the highest oomelation betvween bits and readout of the 
detector pixels. 

7) Rc^tion: i^tational degrees of fineedom are to be avoided since this would 
lead to an apguiar misalignment between the pixaiated detector and the 
im^ed bits^ 

8) Translatioiv Translation enors are also to be avoided, since If the imaged 
bits falls In between the spacing of the pixaiated detector, the readout signals 
are degraded and ambiguity arises to which pi)osl a certain bit belongs and 
hence data «adout errors occur. 

One obvious solutlpn is fo Introduce mechanical dteptacemenf devices tike voice-coll 
actuators, plezo-aijtuator to compensate Ibr (as example) translational and rotational 
mismatch. Such systems have the drawback that they are non-robust and usually 
take up a lot of space: ftirthenrnore the ccste are significant. 

I 
I 



8.DEC.2003 17:33 

PHNIj031473EPQ 



10 



PHILIPS CIP NL +31 40 2743489 



18 



NO. 340 P.Z4y2& 
024 08.12.2003 17: 

08.12.2003 



Proposed solution , ..^^.^«„*>,r 

We propose to introduce an optica) lens-system capable of oompensatiiTg for 
translational and mfgnificatlon mismatch, for Instance based on the electjo-wetong 
principle. However.jhfe could also be a conventional lens system or an UC-based 

BuSg upon piBvlius disclosures on the application of electro-vraWng dev^^ 
WO 031069380 A1 ftirlbcuslng lens and European Patent Application 02078473.1 
for the zoom functldn), it can be shown that these lens^systerns can be constructed 
resulting in a very cbmpact. low^cost system. Ideally suitable for small holographic 
drtves. 
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Maaniffliaillon antMg. 

It has been shown ih the work on fluid-focus Imagesensors that a compact zoomlens 
system can be constnicted suitable for Imaging an object onto a CCD or CMOS 
sensor. The currenll maximum zoomfactor that can be achieved lies in the range of 
2-3, values we will Visually not need in adjusting the mismatch we have discussed 
above. Typical masjniflcation mismatch can arise due to for example changes In 
temperature (whIcWcan change for example the size of the medium), or due to 
tolerances occurring the manufacturing of the media. Preferably a 1 to 1 pixel data- 
bit match has to beTreached in order to have a successftil low^rror rate data read- 
out. I 

As a second advantage of using a zoomlens rapabte of obtaining a factor up to 2 or 
3 is that a drive usirfig a zoomlens of this type could be made backwards compatible 
from the start if on^ defines the next generations of datapages In the media having 
the same aspect ratio. For Instance suppose a first generation of the holographic 
data storage systerns is launched as a 1000X1000 bits square per data-page and a 
next generation sy^m Is defined as being a 1500x1500 system, because the 
detector technologj has progressed to such an extend that It Is economically 
feasible to introducj such detectors in the new system. Data-pages recorded on a 
medium In a fir^t generation system can now be imaged onto the new detector in 
that next geneTatloih drive by adjusting the zoom-fector in such a way that again a 
one to one blt-pixeii match is achieved; one is now able to read-out data-pages 
recorded using this first generation system as well as those from that nod 
generation, be rt that one uses only part of the detector anray while reading out data- 
pages recorded in a medium of the first generation. 

Apart from compatibnity, even within a generation the use of a zoom-fUncBon is 

Detector 'technolog^ progresses qufte quickly, and what is now considered state of 
the art In pixel-pit«* for instance 10 micrometer, may quickly evolve into a pitch of for 
instance 5-6 micrometer. When one sfiil wants to read out the datapages with drives 
using either one ofkhese detectore, it is required that a zoom-fUncUon is present. 
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Introducing, for exajnpfd. wedge-shaped elei^wettings device as described in 
European Patent AbpIIcation 02080060.3 can readily compensate translat'onal 
errors. 

For reference we li^ve sketched below an example of a diagram of the system 
descnbed above, wjth a readout beam (here labeled as reference beam) Impinging 
on the sforage^ned urn, resulting in an Image being fomied and transformed throuqh 
such a descnbed lehs^stem on a detector-array. 
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Holographic medium 




Detector airay 



Lens system 
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CLAIMS: 



1. A holographic 
hofographic date 
array for readins 
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data storage device for reading from and/or recording data in a 
storage medium, the device comprising a pixetated detector 
array for reaaing out imaged data and an optical system that is adjustable for 
compensating a1 ignmentennors betwveen said pixelated detector array and said 
imaged date. 



2. A holographic 
system comprises 



10 3. Aholographii 
system comprises 



data storage device according to claim 1 were the optica] 
an electro-wetting based device. 



data storage device according to dalm 1 were the optical 
a liquid-^s^l based device. 
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